Sea Level Rise (SLR) and storm intensification lead to re-evaluating inundation assessments along the North Atlantic US shoreline. A particular effort is devoted to assessing coastal community risk to "100-year storm" events in Rhode Island, US, using a chain of state-of-the-art storm surge, wave propagation, and coastal erosion 2D models. Damage risks imposed on infrastructures and services incited US federal and state agencies to come up with innovative engineering solutions to improve coastal resiliency while preserving natural coastal and marine environments. This study critically evaluates available design tools used to assess the performance of two types of Natural and Natural Based Features (NNBFs) for coastal protection: natural vegetated barrier islands and dunes reinforced with Geotextile Sand-filled Containers (GSCs), on urbanized barrier islands. Comparative analyses with field data identifies the capabilities and limitations of phase averaging and phase resolving hydro-morphodynamic models used for simulating bed level changes in dissipative beaches, during 3 Sallenger storm regimes. Recommendations are provided on modeling approaches for simulating effects of vegetation and using GSCs to limit coastal erosion.
INTRODUCTION
The combination of SLR with increased storm frequency and intensity (Woodruff et al., 2013) has led local and international management agencies to reassess the vulnerability of coastal communities and the potential damage inflicted by extreme storms to infrastructures and services (e.g., Katehis 2015; Spaudling et al., 2016; Grilli et al. 2017a) . Particular attention has been given to marine geohazards and extreme storm events, due to their massive financial impacts (e.g., Blake et al., 2013; Grilli et al. 2016) . In the US, many agencies, such as the Rhode Island (RI) Coastal Resource Management Council (CRMC) have had policies reducing or preventing the use of hard-structures for coastal protection, as such traditional solutions have had undesirable effects on natural shoreline processes (Nederhoff, 2014) . Consequently, various Natural and Natural Based Features (NNBF) have been proposed for coastal protection. Traditionally, vegetation has been identified as a natural means of dissipating wave energy and minimizing coastal erosion, through induced turbulence and friction (e.g., Woodhouse, 1978; Terrados and Duarte 2000; Moller and Spencer 2002) . Similarly, the role of beach dunes as coastal barriers against storm surge and wave set-up has been increasingly understood by coastal planners 2017b) . Recently, NNBFs such as Geotextile Sand-filled Containers (GSCs) have been proposed as protection methods against flood, inundation, and wave overtopping during storms (e.g., Restall et al. 2000; Connell 2016) ; however, validated assessment tools and design codes are still lacking for he latter. While semi-empirical formulations based on laboratory measurements combined with numerical simulations have been developed, few studies have assessed the performance of GSCs and other NNBFs in the field.
The objective of this study is to: (1) evaluate the relevance of numerical models for assessing the field performance of selected NNBFs; (2) perform a case study of NNBFs at a selected RI test site. In this paper, we focus on the first part while part 2 will be presented in a future paper. The proposed numerical modeling approach interactively solves for coupled processes between NNBFs and their environment, using the stateof-the-art morphodynamic model XBeach (Roelvink et al., 2009) . We consider cases studies along the North East Atlantic coast, which is made of dissipative sandy beaches and barrier islands (e.g., New-Jersey to Rhode Island). We first evaluate the protection offered by dunes and vegetation (i.e., "Natural Structures" (NS)) and then consider Hybrid Structures (HS; i.e., reinforced dunes with GSCs). Both NS and HS are tested and assessed for extreme storm events, here represented by the local 100-year storm. On this basis, we discuss the most appropriate tool based on the combination of shoreline morphology and wave climate.
Background
Recent studies have assessed the risk posed to coastal communities in RI by the 100-year storm event. While initial 2D modeling following standard procedures predicted potential damage to coastal infrastructures, further studies considering SLR projections and using more accurate wave models showed a dramatic increase in potential damage, due to a significant expansion of the inundation (Grilli et al., 2017; et al., 2017). To reduce structural damage due to flooding and wave overtopping, several mitigation scenarios were considered, such as rising the First Furnished Floor Elevations (e.g., U.S Corps of Engineer at selected RI South Shore Sites) or beach re-nourishment . Subsequently, more advanced 2D morphodynamic studies were performed to investigate the stability of the dune system and barrier islands and better quantify the risk faced by coastal communities when these natural features (NS) are eroded during extreme events (Schambach et al., 2018) . Scenarios addressing the impact of land cover type confirmed the importance of vegetation in mitigating the impact of extreme storms. While some barrier islands have been preserved as natural parks, unfortunately, many others have been opened to development, often resulting in high-density residential areas. The increase in storm frequency, combined with this urbanization of barrier islands, prevents the natural restoration of the beach system and limits its role as a protective buffer zone. This results in an increased risk for coastal communities, which has strongly affected flood insurance rates. Recently, the US Army Corps of Engineers (USACE) reconstructed a dune system and reinforced it with GSCs in Montauk, NY, in an attempt to limit beach erosion and protect the dense community settled behind the dune barrier from extreme storms, a common situation along the US Atlantic Coastline (USACE-NAN 2014) . This type of GSC dune reinforcement to improve coastal protection has been considered at RI sites.
Objectives
The morphodynamic model XBeach is used to evaluate two NNBF methods of reducing the erosion of dissipative beaches and barrier beaches: (1) vegetation and (2) dune reinforcement with GSC structures. The performance of the model is assessed by comparing results with field measurements at selected test sites. The primarily targeted site is the southern RI shoreline, which is defined by a mixed of natural and highly urbanized barrier islands; however, other sites characterized by similar dissipative beaches, dune geomorphology, and urbanization development are considered for model simulations and calibration, based on data availability. Two sites were selected for each NNBF, vegetation and GSC, respectively:
• Site 1: Ocean City's, NJ undeveloped barrier island (Fig. 1a) , which has a large back dune (∼ 400 m) covered with a mix of tall grass, shrubs, forests and intertidal vegetation at the bay side, similar to the RI south shore. This site was surveyed before and after Hurricane Sandy (2012) and this data was used to evaluate the modeling of vegetation effects with XBeach. The dune elevation varies between 4 and 8 m (NAVD88), allowing to test the model accuracy for each of Sallenger's (2000) modes of erosions (swash, collision, overwash and inundation) which all occurred during Hurricane Sandy, depending on the crest elevation of the dune segment.
• Site 2: Montauk's, NY town beach (Fig. 1b) , which is south of RI and has a similar wave climate. This is the first US site reinforced with GSC structures by the USACE and we have been collecting data at the site since tropical storm (TS) Hermine impacted it in 2016, causing exposure and instability of the GSCs n some parts of the structure.
METHODS

Mitigating erosion on natural barrier island with vegetation
An earlier study (Schambach et al., 2018) showed that dune erosion is strongly restricted when the dunes are covered with vegetation. This was shown using a variable Manning friction coefficient n in XBeach, based on land cover. Here, we further explore the use of the Manning n to simulate vegetation (Wamsley et al., 2009 cover, by increasing friction in the model (Wamsley et al., 2009 (Wamsley et al., , 2010 . Alternately, we evaluate vegetation effects represented by a drag force in XBeach (Mendez and Losada 2004) . In the following, we present a brief overview of the model and a summary of each of the approaches implemented for including vegetation effects in the model.
Erosion modeling. XBeach ("eXtreme Beach behavior") is a 2D coupled hydro-morphodynamic model predicting erosion and morphological changes of barrier islands along dissipative beaches for specified storms. The model can simulate the coastal response (dune erosion, breaching, avalanching, overwash and accretion) and bed level changes during Sallenger's (2000) 4 erosion regimes: swash, collision, overwash and inundation (Roelvink et al. 2009 (Roelvink et al. , 2010 . Two short wave modules are available, which are coupled with a sediment transport and a morphology model: a phase-averaged and a phase-resolved, corresponding to the Surfbeat (SB) and Non-hydrostatic (NH) modes, respectively. The model is highly parameterized and we used parameters value similar to those used and validated by Schambach et al. (2018) , with the exception of wave asymmetry, which is modified according to Elsayed et al. (2017) . Further details of XBeach can be found in reference.
Vegetation modeling. The standard approach to account for vegetation effects on flow velocity is to use a spatially variable Manning friction coefficient n, function of land cover (e.g., Kothyari et al., 1997; Van Rijin 1989; Wamsley et al. 2009; Schambach et al., 2018) ; this yields a bed friction coefficient,
where g is gravity and h is water depth. Values of n for specific land cover are given in (Dalrymple et al., 1984) . Mendez and Losada (2004) expanded Dalrymple et al.'s (1984) theory to include wave randomness, dissipation due to wave breaking, and bottom variations. They however neglected stem swaying motiond and inertia forces, and lumped the uncertainty of the stem flexibility and relative velocity between plant and water particles into an empirical drag coefficient (Maza et al., 2013) , expressed as,
with D ν the time-averaged rate of energy dissipation per unit horizontal area induced by the vegetation, ρ the fluid density, C D the drag coefficient, N the number of vegetation stems per unit horizontal area, b ν the plant area per unit height of each vegetation stem normal to the velocity, σ the wave angular frequency, α the relative vegetation height (%) relative to the local water depth h, k is the wavenumber, and H rms the root-mean-square wave height. The appeal of this physics-based approach is however mitigated by its applicability. Indeed, the vegetated area needs to be accurately defined with a vegetation density and stem size as well as with a drag coefficient specific to the mechanical properties of the plant (e.g., Stratigaki et al. 2011; Maza et al. 2013; Vargus-Luna et al. 2015) . The variety of vegetation and lack of available corresponding drag coefficients prevented us from applying Mendez and Losada's (2004) formulation to our entire site and we only applied it to a small section of the site, covered with tall grass similar to Spartina Alterniflora; for the latter, we used the drag coefficient of Smith et al. (2016) based on Anderson and Smith's (2014) experiments, C D = 0.22 + 910/Re. Table 3 : Summary of stability equations used to assess the stability of GSC Equations GSCs located in GSCs locates at the structure slope the structure crest
Mitigating erosion on natural barrier islands using GSCs
The validity of XBeach to estimate erosion damage in the presence of GSCs is assessed by applying the model to Site 2. Simulations are performed for TS Hermine and predicted bed level changes are compared with post survey measurements, using standard morphological skill parameters; predicted damage levels are assessed using both Oumeraci (2003) and Recio and Oumeraci's stability formula (2008) . Damage levels refer to Dassanayake and Oumeraci's classifications (2013) , in which damage is classified into: classification 1, where damage is identified at the scale of a single GSC; and classification 2 where damage is identified at the scale of the entire GSC structure. Some authors (Shirlal and Mallidi, 2015) summarize results in a level 3 classification, where the total fraction of damaged structure is estimated as the percentage of GSCs displaced with respect to total GSCs in the structure. Here, we introduce a level 4 classification where the full beach is considered and the erosion on the entire beach ecosystem and GSC structure is considered (Table 2) . Semi-empirical hydraulic stability formulas for GSC structures were developed in the early 2000 based on flume experiments (Oumeraci et al., 2003) , following the earlier hydraulic stability formulas of Hudson (1956) and Wouters (1998) for non-deformable structures. Later, based on similar experimental studies, these formulations were updated to be applicable to deformable structures (e.g., Recio and Oumeraci 2007; Oumeraci 2008, 2009; Dassanyake and Oumeraci 2012) .
Despite their similar functionality, various GSCs have specific mechanical properties under cyclic loading, such as permeability, flexibility, and sand-fill ratio. For example, a stress-strain analysis reveals that the increase of the GSC effective area during uprush contributes to larger drag forces and moments acting on the GSC during uprush rather than downrush. As a result, steeper structural slopes are found to be more stable due to an increased contact area between the GSC layers. Numerical simulations for a large number of structural configurations has led to semi-empirical formulas for 2 failure modes (Recio and Oumeraci, 2008) . A summary of stability equations from the literature is given in Table 3 . In this study, we compare results of Hudson and Recio and Oumeraci (2008) stability equations to GSC structures at Site 2 to field measurements made after TS Hermine. Parameters of these equations (Table 3) were computed with XBeach: significant wave height (H s ), flow velocity (u) and acceleration (∂u/∂t). Table 4 gives a summary of design tools tested for each NNBF, at each test site. The ability of these approaches to accurately simulate the level of protection provided is assessed by applying several skill 
Scenarios and performance assessment evaluation
parameters, which are presented in Table 5 : the Brier Skill Score (BSS), Bias Score (BI), the Root Mean Square Error (RMSE), and the skill of the model defined by Gallager et al (1998) , which compares the relative value of eroded volume.
DATA AND MODEL SET UP
Bathy-topographic and hydrodynamic data (i.e., wave characteristics, storm surge and tide elevation) are required to simulate erosion processes with XBeach, for the 4 Sallenger regimes. Large scale data sets were obtained from US federal agencies, such as the National Oceanographic and Atmospheric Agency (NOAA), US Army Corps of Engineers (USACE), and the US Geological Survey (USGS) for areas affected by Hurricane Sandy (2012), which were collected as part of a national assessment of change in coastal hazard. High-resolution bathy-topographic data was used near the area of interest, to capture the spatial variability of dunes and ultimately identify vulnerable areas. Wave and water level measurements were taken from NOAA's buoys at a hourly time-step. To determine the XBeach's offshore boundary conditions at the selected computational grid domain, additional hydrodynamic models of storm surge (ADCIRC) and wind-wave generation and propagation (SWAN, STWAVE) were applied.
Site 1 is located 20 km north of the landfall location of Hurricane Sandy (2012). Pre-and post-LiDAR measurements of bed level changes were used to construct XBeach computational grid and compare to simulation results. The computational grid has a 2x2 m resolution near the dune and 2x5 m offshore. The entire duration of the simulation is 72 hours, with landfall occurring after 48 hours. The start date/time of the simulation is Oct. 28, 2012 00:00:00 UTC, and end date/time Oct. 31, 2012 00:00:00 UTC. Peak wave conditions obtained from a coupled model (SWAN and ADCIRC) at the offshore boundary were a significant wave height of H s = 6.5 m, spectral peak period T p = 16 s, mean direction θ = 170 degrees in nautical convention, and a peak water level (storm surge) of 2.7 m (NAVD88). Additional information on land cover type was obtained from the USGS website.
For Site 2, a combination of surveys (i.e., USACE as-built surveys, URI post construction surveys, LiDAR surveys) were used to generate a 0.5x1.2 m XBeach grid and identify locations of sea front buildings. Post-TS Hermine (2016) measurements were made by the authors along 22 transects at the site. The entire duration of the simulation was 96 hours, starting from Sept. 4, 2016 00:00:00 UTC. Peak conditions occurred around Sept. 6, 2016 00:00:00 UTC (i.e., 49th hour of simulation). Wave characteristics at the offshore location were obtained from STWAVE using NOAA's offshore buoy (Station ID 44017) and tidal gauge (Station ID 8510560) in close proximity of the project site. Peak conditions had a significant wave height of H s = 4.5 m, spectral peak period T p = 11 s, and a peak water level of 0.8 m (NAVD88).
RESULTS
Mitigating erosion on natural barrier islands with vegetation (Site 1)
Erosion modeling. Pre-and post-field measurements at Site 1 during Hurricane Sandy (2012) showed significant bed level changes, with a large alongshore variation that can be explained by the different Sallenger regimes experienced by different segments of the barrier island. While the northern section of the study site has a relatively elevated dune crest, which prevented an overwash regime to occur during the storm, the crest elevation progressively lowers southward, which caused waves to overtop the dune, thus progressively transitioning the erosion regime from overwash to inundation mode. The northern section of the site, with the highest dune crest elevations, experienced a collision mode, which resulted in the seaward (cross-shore) deposition of a large volume of sand eroded from the dune face. By contrast, the lower elevation southern region experienced an overtopping mode, resulting in dune breaching, landward sediment deposition, and inland flooding. Figure 2 shows a comparison with field measurements of bed level changes computed with XBeach using the phase-averaged "Surf Beat mode" (SB) or the phase-resolving (NH) mode, for land cover types parameterized with the bed friction (n value). Results show that the NH mode more accurately predicts the sediment distribution patterns, but underestimates the eroded volume from the dune. In contrast, the SB mode more accurately estimates the eroded volume, but overestimates the landward distance of sediment deposition. Despite inaccuracies in sediment distribution patterns and landward distance of sediment deposition, the SB mode better predicts the morphological evolution of the dune system along the various segments of the site. Figure 3 shows a comparison of crest elevation computed with both modes, which is a critical factor for determining vulnerable locations. In this figure, the performance of each approach in estimating the alongshore dune crest lowering is further illustrated by representing it using 3 colors, green, yellow, and red, as described in Table 6 ; a quantitative summary of this color-coding is given in Table 7 .
To assess the model performance for Sallenger regimes (collision, overwash and inundation) the site was subcategorized into 3 areas representatives of these regimes, based on dune crest elevation and runup values. The northern area having higher dune elevations was referred to as Area A. The middle region, which experienced crest lowering, but not landward sediment deposition, was referred to as Area B. Finally, the most vulnerable region to the south, in which overwash and inundation regimes occurred, was referred to as Area C. The sub-categorization of the site is illustrated in Fig. 4 , in which results along typical crosssections through the dunes are also provided, together with pre-and post-storm field survey data, confirming for all regimes the optimality of SB. A summary of skill parameters computed on model results is given in Table 8 for Areas A, B and C, which can be used to assess the accuracy of each computation modem(SB or NH). In Area A where the collision regime mainly dominated, both models show a "reasonable" morphological skill, according to Van Rijin et al.'s (2003) classification, with a BSS of 0.34 and 0.42 for SB and NH, respectively. This is due to an underestimation of the erosion rate on the dune foreface, as indicated by the low SK value. In Area B, both models underestimate the eroded volume and consequently the dune crest lowering, resulting in a "poor" BSS of -1.72 for SB. However, since NH gives better sediment transport patterns, a slightly better BSS of 0.29 is achieved. Similarly, in Area C, NH yields a "poor" BSS value of -2.30, due to a significant underestimation of the eroded volume, which prevents the escalation of the storm regime to overwash and inundation. This however was better simulated in SB, resulting in a better BSS value of 0.19. Vegetation modeling. Mendez and Losada's (2004) formulation, implemented in XBeach's vegetation module, provides a reasonable estimation of the energy dissipation for both SB and NH modes, in agreement with Smith et al. (2016) . Figure 5 shows (in a non-dimensional form) the distance across Spartina Alterniflora necessary to reduce the incident wave height by 50%. However the SB mode systematically requires more vegetation distance to limit the wave height than NH. A skill assessment of this approach as well as of the standard bed friction parameterization, were performed to compare morphological predictions of dune and barrier island sections during inundation. A typical cross section of the barrier island at test Site 1 was submerged using two relative depths, and subjected to an incident wave height with H s = 5 m and T p = 10 s. The subaerial vegetation cover was assumed to be consistent with Spartina Alterniflora, similar to Smith et al. (2016) . The drag coefficient used in the vegetation module is as described above, as part of Eq.
(1), while the Manning n was interpolated from Table 1 (the n value selected for Spartina Alterniflora was 0.04). A sensitivity of model results to n ∈ [0.04 − 0.15] is shown in Fig. 6 . We see, the vegetation module provides similar results to simulations with n = 0.15; this value, however, strongly restricts sediment suspension rates, which led to an optimal n 0.04, representative of Spartina Alterniflora.
Mitigating erosion on urbanized barrier islands with GSCs (Site 2)
TS Hermine bed level changes. Analyses of bed level changes in XBeach simulations of TS Hermine indicate an intense erosion of the berm and GSC cover layer. Since TS Hermine hit the coastline in collision regime, avalanching was the principal process responsible for beach morphological changes, resulting in cover layer and berm erosion and offshore sediment transport, with rapid deposition in the beach backshore (Fig. 7) . Figure 8 compares simulated and observed bed level changes, showing that simulations reproduce the observed spatial variability along the beach with variable accuracy. As shown in Figure 9 , the beach can Figure 5 : Non-dimensional distance across Spartina Alterniflora necessary to reduce the incident wave height by 50%, with d the water depth, (k, L) the peak wavenumber and wavelength, and X50 the maximum depth-limited wave height (Smith et al. 2016 ). be divided into 3 separate morphological sub-zones, each characterized by its observed behavior in erosion/accretion during TS Hermine and associated model performance. In Zone A, on the west side of the site, the observed accretion is poorly predicted by the model. Zone B, in the middle region, which shows exposure, is well predicted by the model. Zone C, on eastern side of the beach, in which limited erosion is observed, is well predicted by the model. The model performance in terms of standard skill parameters, averaged for each morphological sub-zone, is summarized in Table 9 . Zone A show a "poor" performance with large errors and low skill score. An "excellent" performance is obtained in Zone B, with an average of the Brier Skill Score (BSS = 0.83), indicating good morphological predictions. Eroded volumes were accurately calculated, resulting in a high Gallegher Skill Score (SK = 0.63) and low Bias Score (BI = 0.18 m). A Reasonable performance is achieved in Zone C, in which the non-exposure of the GSCs is correctly predicted, although the eroded volume is over estimated, leading to low scores. Figure 10 shows typical cross section profiles of bed level changes for each zone, which further illustrate the performance of the model. TS Hermine damage levels. Simulation results are used to predict damage levels at each location of the GSCs' structure (Table 2) . Bed level changes are used to determine damage level on a 0-3 scale. For GSCs exposed locations hydraulic stability equations (Table 3 ) are applied to determine if damage level 4 is likely to occur. Damage level 5, is only calculated for GSCs located along the structure's toe. Maximum water levels are used to determine if damage level 6 is likely to occur. Figure 11 provides the estimated damage levels based on Oumeraci (2003) and Recio and Oumeraci's (2008) hydraulic stability equations. The Hudson-based stability formula proposed by Oumeraci (2003) did not predict any GSC instability along the entire length of the structure. Recio and Omeraci's (2008) stability equation, however, predicted one unstable GSC occurring during peak conditions. Although one displaced GSC was also observed during survey measurements (Figure 12 ), the location of the predicted displaced bag was not accurately predicted in the model. Furthermore, damage 5 and 6 did not occur during TS Hermine, and was also not predicted by the model. 
DISCUSSION
Mitigating Erosion on Natural Barrier Islands with Vegetation
Results of this study demonstrate the critical role of vegetated dunes in coastal protection. These natural structures generate friction and drag forces during cyclic loading, evolving in shape with the storm, acting as energy dissipators, minimizing storm impact and hence accelerating the restoration towards a stabilized environment. Indeed, the vegetation-induced increase in wave energy dissipation results in a reduced wave flow velocity field, limiting the wave momentum force on the dune as well as sediment pick-up and transport. The adequacy of the use of both wave model modes for simulating wave energy and forces as well as both vegetation models for simulating reacting forces are discussed in the following for each storm regimes.
Erosion modeling. The variability of dune crest elevation allows to assess the performance of the phaseresolving and phase-averaging hydro-morphodynamic models that are part of XBeach (i.e., Nonhydrostatic (NH) and Surfbeat (SB) modes, respectively) for the 3 Sallenger storm regimes that occurred at Site 1. In this comparison, the vegetation was modeled using the standard bed friction parameterization approach. Comparison of bed level changes for each regime, using the NH and SB modes indeed showed large discrepancies.
The ability of XBeach to model the morphological changes of beaches, barrier islands, and dunes has been well assessed in laboratory and field experiments, for the collision regime in dissipative beaches, with a surf similarity parameter ranging from 0 to 0.619 (e.g., Van Rooijen 2011; Roelvink et al. 2009 Roelvink et al. , 2010 Nederhoff 2014; De Vet et al. 2015; Elsayed et al. 2017; Schambach et al. 2018) . In this collision mode the foreshore erosion at the dune face is directly exposed to forcing from incident wave groups or "infragravity" waves, causing a slow oscillation of the mean super-elevated water level (Longuet-Higgins and Stewart, 1964) . In dissipative beaches, the incident wave frequency band (0.05 < f < 0.18 Hz) is saturated, while the infra-gravity frequency band is not. Consequently, in the absence of incident-wave frequency band near the dune, both wave models tend to give similar performance with a "reasonable" BSS in Area A, characterized as the Sallenger collision regime zone.
In Area B, representative of the Sallenger overwash regime zone, differences between both wave models morphological predictions are observed. The NH mode leads to a higher BSS score, likely as a result of a better sediment spatial distribution pattern associated to a more accurate modeling of hydrodynamics processes. However, the dune profile is more accurately simulated using the SB mode.
Similarly in Area C, characterized by a prevalence of Sallenger inundation regime due to the low dune crest elevation, the dune profile and the crest elevation are more accurately predicted using the SB mode (BSS = 0.19). Indeed, the NH mode restricts the dune morphological evolution into Sallenger's inundation regime, therefore, the eroded volume is largely underestimated resulting in a lower BSS of -2.30. This limited erosion consequently limits the sediment transport and prevents a large volume of sand to deposit landward. The SB mode however predicts the landward sediment deposition volume reasonably well, but the landward deposition distance is overestimated, possibly due to inaccurate estimation of water levels.
Vegetation modeling. The comparison of model results using Mendez and Losada's (2004) formulation and the standard bed friction parameterization shows significant differences. While morphological changes in the dune profile and crest elevation are reasonably predicted using the standard bed friction parameterization, the lack of a realistic drag force leads to overestimating flow velocity, which results in higher landward sediment deposition distances than observed. In contrast, Mendez and Losada's (2004) formulation provides a more accurate representation of the kinematic and dynamic free surface conditions over a vegetated field, as tested for Spartina Alterniflora, similar to Smith et al.'s (2016) results. However, that formulation significantly restricts the erosion rate of the barrier island at the test site, providing overall inaccurate morphological predictions. The presence of vegetation results in a nonlinear modulation to the velocity profiles (e.g., Maza et al. 2013; Vargas-Luna et al. 2015) which are not resolved in a 2D model such as XBeach (which has a single layer in the vertical direction). Resulting simplifications unfortunately counterbalance the interest of an a priori more accurate physics-based approach.
The current analysis at Site 1 confirms the relevance of using the hydro-morphodynamic model XBeach with the SB mode and a friction-based vegetation model to simulate the behavior of dissipative beaches in the NE Atlantic coastline (Schambach et al., 2018) . It further demonstrates the prevalence of this combination SB-friction based vegetation model (FBVM) over more sophisticated approaches, to accurately predict the foreface dune erosion.
Mitigating erosion on urbanized barrier islands with GSCs
The combination SB-FBVM was used at Site 2 to assess the erosion around the GSC and the stability of the GSC using two types of hydraulic stability formulas. Both formulations had a similar adequacy to accurately assess the stability of the GSC, when used in combination with the hydro-morhodynamic model XBeach (i.e., damage level 4).
Performance of hydro-morphodynamic model. The model shows a good performance, particularly for the region of interest where the GSCs were exposed (Zone B). The simulated eroded volume in Zone A and C is however overestimated and the long-shore sediment transport and deposition on the west is not predicted. Let us add that the temporal variability of the bathy-topo induces a large uncertainty in the model initial conditions, which can lead to significant variations in the extend of the swash zone and, consequently, in the morphological changes of the beach.
Performance of hydraulic stability equations. Hudson's based stability equations underestimate the critical stability of the GSC at the site. Indeed, several locations were shown to be vulnerable during TS Hermine, which was not identified by Hudson's based stability equations. These equations estimate the stability as a function of the significant wave height at the toe of the structure. Throughout the storm regime, the water depth at that location remained very shallow, and thus most short waves were dissipated before reaching the site. The dominant velocities were therefore generated by the uprush and downrush of infragravity waves (e.g., Devet et al. 2015; Longuet-Higgins and Stewart, 1964) .
The semi-empirical stability formulas such as introduced by Recio and Omeraci (2008) however suggest possible instabilities during TS Hermine, which was verified during the post-storm surveys. The applicability of these equations to this study remains however questionable, since Recio and Omeraci's (2008) hydraulic stability equations were validated for structures with 45 degrees slope (i.e., 1:1). The structure at the project site was constructed with a milder 1:2 slope, thus giving less contact area around the perimeter of the GSC. Different force coefficients calibration might be required for a 1:2 slope, since this increases the effective area and hence the resultant forces and moments.
CONCLUSIONS
The study evaluated several engineering tools for assessing the performance of two types of NNBFs in providing coastal protection services during extreme storm events along the US North Atlantic Coastline. The role of dunes and vegetated barrier islands to protect coastal communities against hurricanes and seasonal storms was first discussed. In RI, these remain the major factors to reduce damage levels associated with flooding and overtopping during overwash and inundation storm regimes (e.g., Grilli et al. 2017a Grilli et al. , 2017b Spaudling et al. 2016; Small et al. 2016; Schambach et al. 2018) . The lack of comparative analysis with field data however limits the confidence onr can have in the approach.
The combination of hydro-morphodynamic and vegetation models available in XBeach were used to simulate morphological changes occurring at Site 1 during Hurricane Sandy (2012). The capability and limitation of each approach to model erosion and effects of vegetation on sediment transport, respectively, during 3 Sallenger storm regimes (2000) (i.e., collision, overwash, inundation) were identified when compared to pre-and post-storm measurement of bed level. XBeach's phase resolving mode (NH) provided better estimations of hydrodynamic conditions, leading to better sediment distribution patterns, but inaccurate estimation of erosion volumes, due to the incompatibility of the Van Theil (2009 ) -Van Rijin (2007 sediment concentration formulation requiring the orbital velocity. In contrast, XBeach's phase average (SB) mode provided better morphological predictions of the dune profile, leading to more accurate dune crest elevations, but overestimated the landward sediment deposition distance due to inaccurate hydrodynamic predictions. Depth-averaging introduced large modulation errors to the Generalized Langrangian Mean velocities, when using the vegetation module in XBeach, which limited its applicability and resulting accuracy. While the vegetation formulation introduced by Mendez and Losada (2004) simulated well the wave energy dissipation, its use in sediment transport provided poor morphological skill scores. The simple Manning roughness approach however provided optimal morphological predictions despite its underestimation of wave dissipation and correlated overestimation of wave velocities.
The second type of NNBF considered here, the reinforced dunes with GSCs as proposed for urbanized barrier islands with dissipative beaches and no protective buffer zones was explored for selected storm events at our test Site 2. The combination of XBeach with stability equations provided a numerical tool capable of identifying the damage states associated with these structures during storm events. The tool combines XBeach used in surf-beat mode (SB) with two hydraulic stability equations applied to the GSC: the Hudson (1956) based stability equation proposed by Oumeraci et al. (2003) and the more recent semiempirical equation proposed by Recio and Oumeraci (2008) . XBeach was used to determine the initial damage states of erosion, while the hydraulic stability equations were used to determine the stability of exposed GSCs. The model was validated against post-storm measurements taken after TS Hermine, which caused exposure and minor damage to the GSC at Site 2. Results of bed level changes and eroded volume showed excellent performance in the region of interest, while some discrepancies occurred in other regions.
